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Abstract

Earth-abundant Cr(III) polypyridines chromophores feature long-lived doublet ligand-field 
excited states. The thermally equilibrated 2T1/2E ligand-field excited state manifold produces 
broad, structured UV-vis-NIR absorption bands. Although ubiquitous across pseudo-octahedral 
Cr(III) diimine complexes, the dynamics and individual electronic transitions underlying these 
spectra have remained elusive. Here, we combine time-resolved spectroscopy and 
multiconfigurational calculations to assign ground- and excited-state absorption spectra of Cr(III) 
tris(1,10-phenanthroline), [Cr(phen)3]3+, as a prototypical example for this class of complexes.  
Excited-state kinetics reveal a rapid biexponential decay of the initially prepared 
intraligand/ligand-to-metal charge transfer [4(1IL)/4LMCT] excited state into the lowest 2T1/2E 
state within 10 picoseconds, assigned to intersystem crossing and vibrational relaxation. 
Calculations identify broad excited-state absorption features associated with metal-centered 
ligand-field states (2MC) mixed with intraligand (2IL) transitions within the doublet manifold. 
These results provide detailed spectral assignments and highlight the need to include 
multiconfigurational ligand-based orbitals when modeling the spectral properties of Cr(III) 
coordination complexes.     

1. Introduction 

Photocatalysis has pioneered novel strategies in modern organic synthesis, enabling the 
generation of valuable small molecules and targeted late-stage functionalization.1–9 The 
photosensitizers typically used for these applications are long-lived triplet metal-to-ligand charge 
transfer (3MLCT) excited states, which leverage the potent excited-state redox potentials of Ru(II) 
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and Ir(III) complexes to drive these transformations.1,10,11 Because these metals are rare, expensive, 
and environmentally scarce, it is valuable to identify earth-abundant alternatives that feature 
similar excited-state reactivity without sacrificing catalytic performance.12–18 Both homo- and 
heteroleptic Cr(III) pseudo-octahedral complexes have become popular candidates in this 
regard,19–35 given their long-lived intraconfigurational spin-flip excited states, which are prompted 
by initial light activation into persistent metal-centered (MC) doublet excited states.36–66 However, 
the relaxation processes emanating from the initially prepared charge-transfer excited states remain 
elusive, and the relaxed doublet excited states possess rather large extinction coefficients that are 
inconsistent with being solely derived from LF transitions.67–70 Prior efforts have modeled the 
excited-state landscapes of related Cr(III) chromophores with notable success, primarily focusing 
on metal-centered intermediates.38,52,53 Despite these advancements, the origin of the broad, 
excited-state absorption profile generated within the Cr(III) doublet manifold remains unclear.51

Herein, we report a synergistic experimental and computational investigation into the prototypical 
Cr(III) tris(diimine) complex [Cr(phen)3]3+ (1), where phen = 1,10-phenanthroline. By combining 
ultrafast time-resolved spectroscopy with state-of-the-art multiconfigurational calculations, we 
assign the ground- and excited-state spectra of the benchmark complex and elucidate the nature of 
the underlying electronic transitions. This effort represents an advancement over prior efforts by 
enabling the resolution of complex multiconfigurational excited states. Through the lens of this 
prototypical complex, we aim to provide a unified and comprehensive understanding of excited-
state electronic transitions in Cr(III) diimine chromophores, establishing a general framework for 
interpreting their excited-state absorption features and, consequently, their overall photophysics. 

3+

N

NN

N
CrIII

N

N

1

Scheme 1. Molecular structure of [Cr(phen)3]3+ (1).

2. Results and Discussion 

The static UV-visible absorption profile of 1 serves as a foundational probe into the complex 
electronic landscape of the quartet manifold, where distinct energetic regions reflect the interplay 
between ligand-based charge transfer and metal-centered transitions. The electronic absorption 
spectrum of the six-coordinate pseudo-octahedral [Cr(phen)3](BF4)3 (1) dissolved in acetonitrile 
(295 K) is presented in Figure 1A. The spectrum matches prior measurements in acidified aqueous 
solutions.47,59 This spectrum exhibits three regions with distinct spectral intensities: a high-
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intensity band at 267 nm assigned as an intraligand 1(π–π)* transition, denoted 4(1IL) to illustrate 
quartet spin multiplicity on the metal and singlet on the phen ligand; a broad region spanning from 
282 to 355 nm with moderate intensity, attributed to spin-allowed ligand-to-metal charge transfer 
(4LMCT) transitions mixed with 4(1IL) and 4T1 ligand-field states; and weak transitions arising 
from spin-allowed ligand-field transitions into the 4T2 state, which extend into the visible region 
(Figure 1A inset). The observed electronic transitions and their characterization are summarized 
in Table 1.

 
The assignment is based on vertical excitations computed with the multiconfigurational restricted 
active space self-consistent field (RASSCF) method and an active space of (13,3,3;5,5,7), 
comprising 13 electrons distributed over 17 orbitals (see Computational Details). 
Multiconfigurational methods are mandatory for treating the complex manifolds of open-shell 
transition-metal complexes and circumventing the significant spin-contamination issues 
encountered with single-reference density functional theory. The active space was carefully 
determined through convergence of the relevant excited states and by benchmarking against the 
experimental spectrum. It includes 3 π and 2 σ orbitals in the RAS1 subspace, the full set of 3d 
metal orbitals in the RAS2 subspace, and 3 π* and 1 σ* orbitals, as well as three 4d orbitals in the 
RAS3 subspace (Figure 2). Related active spaces have been widely applied to transition-metal 
complexes and are known to provide a reliable treatment of non-dynamic electron correlation. 
53,71,72 On the basis of these RASSCF calculations, we determined that the fine structure 
superimposed on the LMCT and IL bands originates from contributions from 4MC states, as listed 
in Tables 1 and S2.  

Figure 1. Absorption and PL emission (λex = 355 nm) properties of 1. The absorption (A) and PL 
emission (B) profiles were recorded at 295 K in CH3CN. The PL emission (C) profile at 77 K was 
recorded in n-butyronitrile. 
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Figure 2. RASSCF (13,3,3;5,5,7) active space natural orbitals for compound 1. The protocol 
includes three π and two σ orbitals in the RAS1 subspace, the full set of 3d metal orbitals in the 
RAS2 subspace, three π* and one σ* orbitals, and three 4d orbitals in the RAS3 subspace. The 
colored contouring illustrates the subdivision into different active spaces, while black labels 
indicate the orbital types.
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Upon UV- or visible blue light excitation of 1, excited quartet states are initially populated, 
undergo rapid intersystem crossing, and then are well-established to populate an emissive doublet 
manifold composed of two thermally equilibrated states, 2T1/2E (ΦPL = 0.66% in anaerobic CH3CN 
at 295 K).54–58 Photoluminescence (PL) emission from 2T1/2E in 1 was measured in acetonitrile at 
295 K and in n-butyronitrile at 77 K as presented in Figures 1B and 1C, respectively. The PL 
emission maxima remain unperturbed at low temperatures, indicating that the electronic and 
geometric structures are similar and essentially temperature-independent. Computational 
modeling reproduces the PL experimental data of this chromophore with high accuracy, see Table 
1 and Table S4. Accordingly, we attribute the lowest 2E state as the dominant contributor to the 
PL at 727 nm and RT with a shoulder originating from thermally activated 2T1 emission centered 
at 699 nm. The PL excitation scan at RT centered on the doublet emission features reproduces the 
absorption spectrum of 1 (Figure S1). 

To precisely quantify the structural reorganization accompanying the quartet-to-doublet spin 
conversion, we interrogated the photoluminescence (PL) properties at cryogenic temperatures, 
where suppression of thermal fluctuations reveals the underlying vibronic landscape. In n-
butyronitrile glass at 77 K, thermal activation of the 2T1 state is completely suppressed, evidenced 
by the disappearance of the high-energy shoulder PL in Figure 1B and isolation of the radiative 
2E PL at lower energy (Figure 1C). The minimal thermal broadening at 77 K yields a vibronic 
progression that originates from changes experienced in the excited-state geometry. The total 
displacement and individual bond distortions in the excited state can be determined from the 
vibrational fine structure in the 77 K emission spectrum. These features illustrate the interaction 
between the displaced excited-state potential energy surface and the ground-state vibrational 
modes along the normal mode coordinate. The average low-frequency peak-to-peak separation of 
148 cm-1 observed in 1 is well-represented by the A1 symmetric stretching mode at 145 cm-1, as 
predicted by DFT calculations (Table S1). This suggests that the primary distortion occurring in 
the excited state is along the A1 normal mode coordinate. The magnitude of electron-phonon 
coupling can be determined from the intensity of these features, as represented by the Huang-Rhys 
parameter (SHR). With an SHR value of 0.131, a total normal mode displacement (Q) of 0.0222 Å, 
and Cr-N bond displacements (r) of 0.009 Å, geometric distortion and spin conversion appear to 
be weakly coupled in 1.  
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Table 1. Experimental and RASSCF(13,3,3;5,5,7) absorption and PL emission parameters of 1.

λabs 
ab {ε}c Calc. λabs

d
 {fosc}e Assignment λem

ab λem
bf Calc. λem

 d Assignment
– 261{3.2 × 10-2} 4(1IL) + 4LMCT

267 {61300} 262{1.7 × 10-2} 4(1IL)
– 276 {1.0 × 10-3} 4LMCT

282 {37700}, sh 284 {6.2 × 10-4} 4T1

– 309 {1.1 × 10-4} 4T1

– 313 {2.5 × 10-5} 4T1

323 {12000}, sh 319 {6.2 × 10-4} 4T1

338 {8120}, sh 333 {1.1 × 10-2} 4(1IL) + 4LMCT
355 {3890}, sh – 4(1IL) + 4LMCT
404 {809}, sh 420 {2.1 × 10-5} 4T2

435 {513}, sh 437 {7.2 × 10-5} 4T2

454 {219}, sh 443 {7.5 × 10-5} 4T2

699
727 727 630

2T1
2E

a Recorded at 295 K in MeCN. b Wavelength in nm. c Extinction coefficient in M−1 cm−1. 
dCalculated RASSCF(13,3,3;5,5,7) vertical excitation energies in nm. e Transition oscillator 
strength. f Recorded at 77 K in nBuCN.  

The excited-state dynamics of 1 in CH3CN were monitored using ultrafast transient absorption 
spectroscopy and time-resolved PL emission intensity decay measurements. Upon 355 nm pulsed 
laser excitation, there was a prompt generation of two distinct excited state absorption (ESA) 
spectral features in the visible region of the difference spectrum (Figure 3A), along with another 
broad ESA feature spanning across the near-infrared range extending to the limit of our detection 
range (1600 nm, shown in Figure 3B). This excited state difference profile is dissimilar from the 
profile of the one-electron reduced ligand accessed from spectroelectrochemistry measurements 
(Figures S2-S3) and does not map onto the visible or near-IR absorption difference spectra of the 
3MLCT state in the related [Ru(phen)3]2+ species (Figures S4–S5), which suggests that this is not 
an MLCT excited state. The broadness and intensity of these excited-state absorption features 
(ε*max = 3000 M-1 cm-1, Figure S6) suggest a spin-allowed charge-transfer transition into a mixed 
[4(1IL)/4CT] state.49,73
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Figure 3. Ultrafast transient absorption spectra in the UV-visible (A) and near-infrared (B) regions 
illustrate the sequential nonradiative relaxation within the excited-state manifold, which leads to 
population of the long-lived 2T1/2E excited state (λex = 355 nm; P = 0.5 μJ/pulse; 100 fs fwhm). 
Time-resolved photoluminescence data (C) show the radiative decay of this state under 
nanosecond-pulsed laser excitation (λex = 355 nm; 8.2 mJ/pulse; 7 ns fwhm). All measurements 
were recorded in CH3CN at 295 K.

Table 2. Time-resolved absorption and photoluminescence data for 1 measured at 295 K in 
acetonitrile. 

Visible (400 – 700 nm) Near-IR (850 – 1600 nm) Photoluminescence 
Species τ1 (ps) τ2 (ps) τ1 (ps) τ2 (ps) τPL (μs)

1 0.23 ± 0.02 1.6 ± 0.4 0.38 ± 0.16 1.5 ± 0.6 199 ± 3

The early-time kinetic evolution provides a window into the rapid non-radiative pathways that 
bypass the initial charge-transfer states in favor of metal-centered configurations.73 In the visible 
region, the initially broad ESA feature at 460 nm decays rapidly within the first picosecond, 
accompanied by the narrowing of a band around 530 nm. A similar kinetic evolution is observed 
in the near-infrared region, where a broad ESA feature centered at 1030 nm diminishes rapidly 
over a comparable sub-picosecond timescale. This decay is more pronounced at lower-energy 
probe wavelengths across the NIR region, which matches the rapid 50 fs decay observed by 
McCusker and coworkers in Cr(acac)3 at red probe wavelengths (650 nm).49 These dynamics are 
consistent with an intersystem crossing from the initially populated quartet state into the lower-
energy metal-centered doublet manifold.74 The prompt nature of this relaxation, coupled with 
minimal spectral reshaping, suggests modest structural reorganization and efficient coupling 
between the initial charge-transfer state and the final metal-localized 2E/2T1 states.

Following this rapid intersystem crossing, the system enters a secondary relaxation phase 
characterized by vibrational cooling and structural equilibration. This slower process unfolds over 
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the 1-6 ps window. During this time period, the ESA in both the visible and NIR regions continues 
to decrease in intensity and evolves into a spectrum with sharp, well-defined features. In the visible 
range, the transitions at 375 nm and 515 nm become more prominent, while the NIR spectrum 
resolves into a broad feature centered at 1200 nm. This sharpening and modest blue shift in spectral 
features are consistent with vibrational relaxation within the metal-centered manifold.75 The 
spectral data from this analysis support a sequential decay model, in which a fast event is followed 
by a slower vibrational relaxation.

The completion of these ultrafast processes yields a remarkably persistent, thermally equilibrated 
excited state that defines the photophysics of 1 and persists for hundreds of microseconds. Beyond 
30 ps, the difference spectrum remains unchanged, indicating that the excited-state evolution of 1 
has completed, terminating on the 2T1/2E surfaces as a long-lived excited state. This relaxed excited 
state is populated irrespective of the excitation wavelength (Figures S7-S11); however, excitation 
at higher pump energies (320–360 nm) leads to faster relaxation dynamics relative to lower pump 
energies (400 and 435 nm) (Figure S12). This excitation wavelength dependence suggests that 
higher-energy excitation accesses states farther removed from the 4T2 potential energy surface, 
thereby accelerating internal conversion and subsequent relaxation processes.67

The persistent 2T1/2E state is thermally equilibrated, and its excited-state lifetime was determined 
from time-resolved photoluminescence experiments. As presented in Figure 2C, the depopulation 
of the lowest doublet excited states occurs uniformly. In deaerated CH3CN at 295 K, 1 exhibits an 
excited state lifetime of 199 ± 3 s, which is slightly shorter but consistent with the reported value 
of 270 s originally measured in aqueous HCl.50 Despite the lifetime difference, the excited state 
remains sufficiently long-lived to mediate energy and electron transfer processes. 

To definitively assign the electronic origins of this long-lived state, we benchmarked the 
experimental ESA features against our RASSCF calculations, using the computational scheme 
described above. 

Figure 4. Experimental (solid red line) and calculated (dashed blue line) excited-state absorption 
(ESA) spectra for 1. The theoretical spectrum was obtained via RASSCF vertical excitations from 

Page 8 of 22Inorganic Chemistry Frontiers

In
or

ga
ni

c
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
7/

20
26

 7
:3

1:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6QI00728G

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qi00728g


9

the lowest-lying doublet state, applying a Gaussian broadening with a FWHM of 0.5 eV. The broad 
features are assigned to a complex mixing of MC and transitions. The experimental spectrum is 
measured from a delay time of 32 ps (λex = 355 nm; P = 0.5 μJ/pulse; 100 fs fwhm).

The electronic transitions originating from this excited state across the UV-Vis-NIR range, shown 
in Figures 2A and 2B, are assigned based on RASSCF(13,3,3;5,5,7) calculations, which model 
the absorption profile from the doublet minima into the doublet excited states manifold. The 
experimental and calculated excited state absorption spectra are shown in Figure 4. 
The electronic absorption spectrum is characterized by two primary features. The first feature, a 
broad band centered at approximately 511 nm, corresponds to an electronic transition into a state 
with predominantly MC character. This is followed by a second, significantly more intense feature 
at approximately 370 nm, assigned to a doublet state with mixed MC and IL character. 

Analysis of configuration interaction coefficients (Table S3) reveals that the primary electronic 
redistribution involves the promotion of an electron from the RAS1 π2 orbital into 
the RAS3 π3

* orbital, along with transitions within the d-orbital manifold (see Figure 2). The 
simultaneous participation of both the d-manifold and the ligand π-system in these orbitals 
highlights the strong electronic communication between the metal center and the ligand 
framework. The transition energies show excellent agreement with experimental maxima. 
Calculated vertical excitation energies for the doublet manifold are presented in Table S3. 

3. Conclusions

In summary, the excited-state landscape of the benchmark complex [Cr(phen)3]3+ is 
resolved through a combined ultrafast spectroscopy and computational investigation, as 
summarized in Figure 5. High-energy excitation initially populates the 4IL and 4LMCT states, 
which undergo rapid nonradiative decay into the doublet manifold, where subsequent relaxation 
produces long-lived near-infrared phosphorescence. The relaxation from the initially absorbing 
state to the multiconfigurational 2E/2T1 state is biexponential, resolved herein as an initial 
intersystem crossing to the doublet manifold followed by vibrational relaxation within it. The 
broad and intense (ε*max = 3000 M-1 cm-1) excited-state absorption features that describe this 
doublet state are attributed to a complex mixing of metal-centered, intraligand, and charge-transfer 
transitions. Defining these transitions supports future experimental efforts to enhance intersystem 
crossing yields and to design chromophore systems with high intersystem crossing efficiencies. 
Finally, the near-infrared phosphorescence proceeds from this metal-centered state into the ground 
state.
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Figure 5. Proposed excited state cascade for 1 in CH3CN, including key electronic transitions. 
and metal-centered phosphorescence (τPL) in the near-IR. 

Assigning the excited-state absorption features of Cr(III) diimine complexes requires a 
multiconfigurational description, as single-reference approaches such as density functional theory 
suffer from spin contamination and an inadequate treatment of the closely spaced doublet manifold 
in open-shell complexes. In particular, the ESA spectrum arises from a dense manifold of states 
with mixed metal-centered and ligand-centered character, which cannot be captured within a 
single-determinant framework. 

The excellent agreement between the calculated vertical excitations and the broad UV–Vis–NIR 
experimental ESA profiles demonstrates that RASSCF provides a quantitatively reliable 
description of both the energetic distribution and the character of the relevant excited states. This 
enables consistent assignment of spectral features and reveals the interplay among multiple 
electronic configurations underlying the long-lived phosphorescent state. As such, these results 
demonstrate that the excited-state behavior of open-shell inorganic chromophores can deviate 
substantially from conventional closed-shell singlet-triplet descriptions. 

Together, these mechanistic and computational findings accurately reproduce the absorption and 
photoluminescence emission signatures of the long-lived phosphorescent state, highlighting the 
multiconfigurational and multimodal nature of Cr(III) photophysics, and provide a basis for 
rationalizing and tuning earth-abundant photofunctional chromophores. 

4. Experimental Section

4.1 General Considerations

Air-free manipulations were conducted with Schlenk or glovebox techniques under an N2 
atmosphere. Solvents were deoxygenated by sparging N2 gas and passing through an activated 
alumina column using a solvent purification system (MBraun SPS). Reagents were acquired from 
Ambeed, Inc., Sigma-Aldrich, or Alfa Aesar. Atlantic Microlab performed elemental analysis in 
Norcross, GA. High-resolution mass spectrometry (HRMS) was performed using an UltiMate 
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3000 UHPLC system interfaced with an Exactive Plus mass spectrometer (Thermo Scientific) and 
processed with the FreeStyle software suite. This instrument is part of the Mass Spectrometry Core 
Lab in the Molecular Education, Technology, and Research Innovation Center (METRIC) 
facilities at NC State University. Infrared spectra were recorded on solid samples using a Bruker 
Platinum ATR-FTIR and processed using the OPUS software suite.  

4.2 Static Spectroscopy Measurements

Molar extinction measurements were performed under ambient conditions in a 1 cm 
pathlength fused quartz cuvette sample cell using a Shimadzu UV-3600 spectrometer. Additional 
UV-Vis-NIR measurements were recorded using a Cary 60 spectrometer. All samples were 
measured with a blank solvent background. Steady-state photoluminescence measurements were 
collected under ambient conditions. Room temperature (295 K) steady-state photoluminescence 
and excitation scan measurements were recorded on an FS 5 Fluorescence Spectrometer 
(Edinburgh Instruments). Sample excitation was provided by an Xe arc lamp, with wavelength 
selection provided by a monochromator and detection provided by a visible PMT detector.  
Photoluminescence quantum yield (ΦPL) values were recorded using an FS 920 Fluorescence 
Spectrometer (Edinburgh Instruments) equipped with an Xe arc lamp and PMT detector. 

Emission quantum yield measurements were collected using relative emission measurements 
using the ambient Ru(bpy)3(PF6)2 standard employing the following formula:

𝛷𝑆 =  𝛷𝑅 × (𝐹𝑆

𝐹𝑅
) × (𝐴𝑅

𝐴𝑆
) × ( 𝑛𝑆

𝑛𝑅
) 2

  (1)

Where the subscripts S and R denote the sample and reference, respectively, Φ is the quantum 
yield of the reference under identical conditions, F  is the integrated intensity of the emission signal, 
A represents the absorbance intensity of the solution, and n denotes the refractive index of the 
solvent. The standard [Ru(bpy)3](PF6)2 has a quantum yield of Φ = 0.018 in aerated CH3CN.76 

Measurements were recorded with A355 nm = 0.10 in spectrophotometric grade CH3CN. 
Low-temperature (77 K) photoluminescence measurements were acquired in n-

butyronitrile solvent (Beantown Chemical Corporation, 99%) in a 3 mm I.D. quartz EPR tube 
(Wilmad Glass). Measurements were performed using an FS 920 fluorimeter (Edinburgh 
Instruments) equipped with an Xe arc lamp and a visible PMT detector. E00 was determined from 
the tangent line of the 77 K emission spectra, which was obtained using the Tangent v1.80 
application in OriginPro 2023b software. 

4.3 Electrochemistry and Spectroelectrochemistry

Electrochemistry measurements were performed in a nitrogen-filled glovebox. 
Measurements were performed using 0.25 M tetra-n-butylammonium hexafluorophosphate 
([nBu4][PF6]) electrolyte and CH3CN solvent. Before use, [nBu4][PF6] was purified by 
recrystallization from methanol. Measurements were performed using a sample concentration of 
0.1 mM. Cyclic voltammetry measurements were acquired using a glassy carbon working 
electrode, platinum wire counter electrode, and an Ag/AgNO3 reference electrode. Potentials are 
reported against a ferrocene/ferrocenium (Fc[0/+], Sigma-Aldrich, 99.99%) internal standard. 
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Measurements were recorded with an Electrochemical Workstation potentiostat (CH Instruments 
CHI650E ) and processed using OriginPro 2023b software.

Spectroelectrochemistry measurements were performed in 0.25 M [nBu4][PF6] electrolyte 
in CH3CN solvent. Potential was provided by an Electrochemical Workstation potentiostat (CH 
Instruments CHI650E) and processed using OriginPro 2023b. Measurements were recorded using 
a Honeycomb Spectroelectrochemistry Cell (Pine Research). The working electrode and platinum 
counter electrode are installed on the ceramic card, while an Ag/AgNO3 reference electrode was 
used. Optical detection was performed with an HR2000+ spectrometer (Ocean Optics) and a UV-
Vis-NIR light source (DT-MINI-2-GS) using fiber-optic cables. Measurements were recorded 
using the provided 1.7 mm path-length quartz cuvette. 

4.4 Ultrafast Transient Absorption Spectroscopy

Transient absorption measurements were recorded in the Imaging and Kinetics laboratory 
at NC State University. Femtosecond transient absorption spectroscopy (fs-TA) measurements 
were obtained using a Helios fs-TA spectrometer (Ultrafast Systems). A portion of the 800 nm 
fundamental beam output from the Ti:Sapphire amplifies (Coherent Astrella, 7 J/pulse, 100 fs 
FWHM) is used to generate the pump beam. The remaining portion of the 800 nm fundamental 
beam is directed towards a 6 ns delay stage. The white light continuum is produced using a CaF2 
crystal (350 to 800 nm) and a 10 mm sapphire crystal (800 to 1600 nm). The probe and pump 
beams are overlapped at the sample position. Samples are prepared in a 2 mm path length quartz 
cuvette (Starna Cell) using spectrophotometric-grade CH3CN solvent. Absorption measurements 
are recorded before and after each transient absorption measurement to ensure there is no sample 
decomposition. Spectral kinetics are fit using OriginPro 2023b. 

The excited state extinction coefficient of compound 1 was measured by comparing the 
excited state absorption spectrum to that of [Ru(bpy)3](PF6)2 in CH3CN. The excited state spectrum 
was scaled to match the reported excited state extinction coefficient of [Ru(bpy)3]2+ in CH3CN: 
ε*GSB, 448 nm = −1.13 × 104 M-1 cm-1.73 

4.5 Time-Resolved Photoluminescence Spectroscopy

Nanosecond time-resolved photoluminescence measurements were obtained using an 
LP920 flash photolysis spectrometer (Edinburgh Instruments). Samples were prepared in a 1 cm 
fused quartz cuvette equipped with a Kontes Teflon cap and degassed at least 4 times using freeze-
pump-thaw techniques. Samples were prepared at O.D. = 0.50 at λex = 355 nm. Pulsed laser 
excitation was generated using a Vibrant LD 355 II Nd:YAG/OPO system (Edinburgh 
Instruments), which generated a pulse energy of 8.2 mJ/pulse. The probe beam was generated from 
a 450 W Xe arc lamp. Each emission spectrum was acquired using an iStar ICCD camera (Andor 
Technologies) and controlled with the L900 software (Edinburgh Instruments). Kinetics were fit 
to a single-exponential model using OriginPro 2023b. Measurements were calibrated to the second 
The ICCD detector was calibrated using the second-order diffraction scattering peak (709.4 nm).

5. Computational Details

The quartet ground state of 1 was optimized using unrestricted Kohn–Sham density 
functional theory with the B3LYP functional77 and the ZORA-def2-SVP basis set.78 Since 
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experimental data show no significant solvent dependence, gas-phase calculations were chosen to 
reduce computational costs. Ground-state geometry optimization and frequency calculations were 
performed using ORCA 5.0.4.79 The frequency calculation was conducted to compute the normal 
modes at this geometry as well as confirm its identity as a minimum through the absence of 
imaginary frequencies (Table S1). The D3BJ correction was used to include dispersion effects.80 
Scalar relativistic effects were included using the ZORA Hamiltonian.81 For the self-consistent-
field (SCF) calculations, the resolution-of-identity approximation (RIJCOSX)82 with def2/J 
auxiliary basis sets and the tight SCF convergence criteria (TightSCF) were used. No symmetry 
restrictions were introduced.

Multireference calculations were performed using the OpenMolcas program package version 
v.23.83 The state-averaged complete-active-space self-consistent field (CASSCF)84, restricted-
active-space self-consistent field (RASSCF),85 and multireference perturbation theory 
(CASPT2)86 calculations to obtain the emission peak were performed using the ANO-RCC-VDZP 
basis set.87,88 To speed up the integral calculations, the Cholesky decomposition (RICD) was 
employed.89 The CASSCF/RASSCF calculations presented are done as state average (SA) with 
equal weights. The character assignments were based on the analysis of the transition-density 
matrix, calculated using the Löwdin-style approach in the TheoDORE package.90 For states 
exhibiting a low degree of single-excitation character, where standard TheoDORE descriptors are 
less reliable, assignments were supplemented by analyzing the changes of the natural orbital 
populations. 

Vertical excitation energies were calculated with the RASSCF(13,3,3;5,5,7) protocol, allowing up 
to triple excitations between RAS1/RAS3 subspaces. In RAS calculations, the notation 
RAS(n,l,m;i,j,k) is employed following the previous work91 where 'n' corresponds to the total 
number of active electrons, 'l' and 'm' denote the maximum number of holes in RAS1 and electrons 
in RAS3, respectively, while 'i', 'j', and 'k' correspond to the number of orbitals in RAS1, RAS2, 
and RAS3 subspaces, respectively. The active space choice was guided by extensive testing on the 
present system. The active space includes 3 π and 2 σ orbitals in the RAS1 subspace, the full set 
of 3d metal orbitals in the RAS2 subspace, and 3 π* and 1 σ* orbitals as well as three 4d orbitals 
in the RAS3 subspace (Figure S1). State-averaging was performed over 14 states for calculations 
at the quartet minima and over 30 states for the doublet manifold, what ensures a balanced 
description of the high-density excited-state landscape. The vertical excitation energies are shown 
in Tables S2, S3. 

The geometry optimization of the doublet state minimum of 1 was done at the SA(5)-
CASSCF(3;5) level of theory, due to the multiconfigurational character of the doublet state. The 
active space included 3 electrons in the five 3d chromium orbitals. Considering that all low-lying 
doublet and quartet states in the excitation calculations are of MC character, we performed 
emission energy calculations using CASPT2 calculations with IPEA shift 0.25 a.u. and imaginary 
shift of 0.4. The energy values used for calculating emission are shown in Table S4. 
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Data availability

The ESI contains substantial details on the quantum chemical calculations and the experimental 
data. The raw experimental and computational data could be shared upon request.
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Data availability 
 
The ESI contains substantial details on the quantum chemical calculations and the experimental 
data. The raw experimental and computational data could be shared upon request. 
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